Introduction {#sec1}
============

The adult intestinal epithelium is a self-renewing tissue with a high turnover rate maintained by intestinal stem cells that reside at the base of glands (called crypts). Lgr5 (leucine-rich-repeat-containing G protein-coupled receptor 5), a Wnt/β-catenin target gene, exclusively marks these long-lived crypt-based columnar (CBC) stem cells in the mouse and human intestine ([@bib2; @bib3; @bib14]). Wnt/β-catenin signaling is crucial for normal stem cell function in the intestinal epithelium ([@bib17; @bib27]). More specifically, Wnt3 signaling, provided by flanking Paneth cells, is necessary for the maintenance and function of CBC stem cells ([@bib28]). In the absence of Wnt3, Wnt2b can compensate ([@bib10]). The weak short range Wnt signal is augmented by R-spondin signaling through Lgr receptors ([@bib7; @bib8]). R-spondins are incorporated into a complex that contains Lrp (low-density lipoprotein receptor-related proteins), Lgr, and Fzd (Frizzled); this complex facilitates Fzd-coupled Wnt/β-catenin signaling. Although studies show that Wnt is critical for stem cell function ([@bib10; @bib28]), other studies question the requirement for secreted Wnt and the source of Wnt in vivo (for example, [@bib25]). Here we circumvent these controversies by investigating Fzd function.

Of the ten mammalian Fzds, only Fzd7 is frequently upregulated in stem cell populations and cancers from diverse tissues ([@bib32]). Cell fractionation ([@bib18]) and in situ mRNA expression ([@bib12]) studies show that *Fzd7* is at the base of intestinal crypts, the correct location to transmit stem cell Wnt signals. Using tissue- and cell-specific gene deletion, we demonstrate that Wnt-dependent Lgr5^+^ stem cell processes are impaired in the absence of Fzd7.

Results {#sec2}
=======

Fzd7 Expression Is Enriched in the Lgr5^+^ Stem Cells {#sec2.1}
-----------------------------------------------------

First, we determined the expression profile of Fzd receptors along the crypt axis using our gene array data (Agilent) ([@bib21]). We used the *Lgr5*^*EGFP-IRES-CreERT2*^ knockin mouse (*Lgr5Cre*^*ERT2*^ for simplicity) where expression of EGFP is under the control of the *Lgr5* promoter ([Figure 1](#fig1){ref-type="fig"}A) ([@bib3]). Isolated small intestine crypt cells were analyzed by fluorescence-activated cell sorting (FACS) and arbitrarily sorted into five fractions based on EGFP intensity. The half-life of EGFP is relatively long; thus, the level of EGFP protein is diluted as the cells divide segregating the cells along the crypt axis from CBC cell (5+, highest EGFP) to dim daughter cells (1+). As expected, expression levels of *Lgr5* rapidly decreased along the crypt axis away from the base ([@bib21]). Similarly, the *Fzd* gene profile of each fraction was compared with fraction 5+. *Fzd2* and *Fzd7* tracked together, with highest relative expression in the CBC stem cells and then decreasing along the crypt axis away from the base. Expression of some *Fzds* did not change (*Fzd5* and *Fzd8*), whereas others (*Fzd4*) increased in cells with the least EGFP ([Figure 1](#fig1){ref-type="fig"}B). Independent FACS sorting into bulk EGFP^+^ and EGFP^neg^ populations and qRT-PCR expression analysis confirmed that *Fzd2/7* expression was enriched to the EGFP^+^ fraction, which primarily contains the *Lgr5*^+^ (qRT-PCR) CBC cells ([Figure S1](#app2){ref-type="sec"}A). Mining our gene array analysis (Affymetrix) ([@bib21]) of CBC stem cells (EGFP^hi^) compared with dim daughter cells (EGFP^low^) identified high relative expression of *Fzd2* and *Fzd7* in CBC stem cells ([Figure S1](#app2){ref-type="sec"}B), while our comparison of CBC and Paneth cells ([@bib28]) showed *Fzd9* highest in the Paneth cells ([Figure S1](#app2){ref-type="sec"}C).

*Fzd7* Gene-Deleted CBC Cells Are Lost from the Epithelium {#sec2.2}
----------------------------------------------------------

To investigate the function of *Fzd7* in adult Lgr5^+^ intestinal stem cells, we generated floxed *Fzd7* mice (*Fzd7*^*fl/fl*^) where the Fzd7 coding region was flanked by *LoxP* sites ([Figures S1](#app2){ref-type="sec"}D--S1F). We then intercrossed *Fzd7*^*fl/fl*^ with *Lgr5Cre*^*ERT2*^ mice to enable deletion of *Fzd7* in Lgr5^+^ intestinal stem cells. By also co-expressing the *ROSA26 LacZ* reporter, recombined cells can be tracked and detected histologically by detecting β-galactosidase activity (blue stain). When adult *Lgr5Cre*^*ERT2*^*;LacZ* mice were subjected to a tamoxifen pulse, recombined (blue) crypt cells were seen at 12 hr post-induction and subsequently were proven to be the intestinal stem cells as the entire crypt-villus axis derived from the recombined stem cell stained blue, forming a continuous blue ribbon ([@bib3]). Consistent with this, we observe multiple recombined crypt/villus units in the small intestine one month post-induction with tamoxifen. In stark contrast, there were markedly decreased blue ribbons or blue crypts in the intestinal epithelium of induced *Lgr5Cre*^*ERT2*^*;Fzd7*^*fl/fl*^*;LacZ* mice ([Figures 1](#fig1){ref-type="fig"}C and [S2](#app2){ref-type="sec"}A). This indicates that recombined (blue), *Fzd7*-deleted CBC stem cells were lost from the epithelium.

The marked reduction of recombined CBC stem cells following *Fzd7* deletion suggests that loss of Fzd7 was deleterious to the CBC stem cells per se. Although all the intestinal crypts harbor Lgr5^+^ CBC stem cells in the *Lgr5Cre*^*ERT2*^ mice, not all Lgr5^+^ cells express EGFP or Cre activity ([@bib3]; [Figures 1](#fig1){ref-type="fig"}C and [S2](#app2){ref-type="sec"}A), making detailed molecular analysis difficult. Therefore, we next employed *AhCre* recombinase, which results in robust recombination in the intestinal epithelium, targeting all cell types except the Paneth cells ([@bib13; @bib29]; [Figure S2](#app2){ref-type="sec"}B). One day after β-naphthoflavone (βNF) induction of *AhCre;LacZ* mice ([Figure S2](#app2){ref-type="sec"}E) or another floxed *Fzd* compound mouse, *AhCre;Fzd5*^*fl/fl*^*;LacZ* ([Figure 1](#fig1){ref-type="fig"}D), recombined blue cells were seen in the villi and crypts, including the stem cells. However, blue, recombined cells were absent from the base of the crypts when *Fzd7* was deleted in βNF-induced *AhCre;Fzd7*^*fl/fl*^*;LacZ* mice ([Figures 1](#fig1){ref-type="fig"}D and [S2](#app2){ref-type="sec"}E). Molecular analysis by qRT-PCR of crypts isolated from these mice identified that *Lgr5* expression was decreased in the crypts isolated from the *Fzd7*-deleted mice, but not from the *Fzd5*-deleted mice ([Figure 1](#fig1){ref-type="fig"}E). This indicates that the CBC cells were lost after *Fzd7* deletion, but not after *Fzd5* deletion. βNF treatment alone did not result in changes in *Fzd7* or *Lgr5* expression ([Figure S2](#app2){ref-type="sec"}C).

The base of the crypts contain Lgr5^+^ CBC stem cells, which are highly proliferative, juxtaposed by non-proliferating Paneth cells ([@bib3]; [Figure 1](#fig1){ref-type="fig"}A). Thus, to further investigate whether deletion of *Fzd7* had led to loss of CBC cells, immunohistochemistry was performed for the proliferation marker proliferating cell nuclear antigen (PCNA), and the number of proliferating cells counted. The number of proliferating cells (PCNA^+^ nuclei) between the Paneth cells was significantly reduced in *Fzd7*-deleted crypts, further supporting the model in which *Fzd7* deletion results in loss of CBC cells ([Figure 1](#fig1){ref-type="fig"}F). Cryptidin in situ to detect Paneth cells also revealed that the Paneth cells were packed side by side without intermingled, unstained CBC cells in the crypts of *Fzd7* deleted mice. Enumeration of unstained cells between Paneth cells on the cryptidin stained sections demonstrates a significant reduction in CBC cells following *Fzd7* deletion ([Figure S2](#app2){ref-type="sec"}F).

As the recombined CBC stem cells were lost from the epithelium of induced *AhCre;Fzd7*^*fl/fl*^*;LacZ* mice, the blue cells were progressively "washed" off from the epithelium through normal turnover. Thus, by 4 days post-induction, the recombined cells had migrated up the crypt-villus axis, and by day 7, recombined cells had been cleared from the epithelium. Some escaper crypt-villi ribbons (blue) were seen at days 4 and 7 ([Figure S2](#app2){ref-type="sec"}E). By day 7, *Lgr5* expression had returned to WT levels, while *Fzd7* expression was increasing ([Figure S2](#app2){ref-type="sec"}D). These observations are consistent with a loss of recombined *Fzd7*-deleted CBC stem cells from the crypts of induced *AhCre;Fzd7*^*fl/fl*^*;LacZ* mice.

*Fzd7* Deleted Intestinal Organoids Do Not Regenerate {#sec2.3}
-----------------------------------------------------

The loss of intestinal CBCs when *Fzd7* was deleted in vivo was transient because of the repopulation that this deleterious event triggers. To further investigate this loss of CBC following *Fzd7* gene deletion, we established organoid cultures from crypts isolated from the proximal small intestine of *AhCre;Fzd7*^*fl/fl*^ mice and induced Cre-mediated recombination under defined conditions in vitro. Isolated crypts cultured in vitro with growth factors form mini-gut organoids with characteristics of the intact epithelium ([@bib27]). Induction of *Fzd7* gene deletion (*Fzd7*^*Δ/Δ*^) led to atrophy of the crypts and organoid death ([Figures 2](#fig2){ref-type="fig"}A, [S3](#app2){ref-type="sec"}A, and S3B). Treatment of the organoids 1 day post-induction with 10-mM LiCl ([@bib16]) or 5-μM CHIR99021 ([@bib5]) to activate Wnt/β-catenin signaling downstream of Wnt/Fzd rescued this phenotype ([Figure 2](#fig2){ref-type="fig"}A). The *Fzd7*^*Δ/Δ*^ organoids failed to regenerate upon passage, suggesting that Fzd7 is required for the maintenance and regeneration of new organoids ([Figures 2](#fig2){ref-type="fig"}B and [S3](#app2){ref-type="sec"}D). Reduction of *Fzd7* expression in the βNF-treated cultures was confirmed by qRT-PCR ([Figures 2](#fig2){ref-type="fig"}C and [S3](#app2){ref-type="sec"}C). The concomitant decrease in *Lgr5* expression ([Figure 2](#fig2){ref-type="fig"}C) indicated loss of CBC stem cells. Achaete-Scute homolog 2 (*Ascl2*), a transcription factor that is essential for the maintenance of Lgr5^+^ stem cells ([@bib29]), was also decreased in the βNF-treated cultures. While, in contrast, markers of other putative intestinal stem cells ([@bib2]) were unchanged or below detection limits (telomerase reverse transcriptase \[*mTert*\], homeodomain-only \[*Hopx*\], and leucine-rich repeats and immunoglobulin-like domains protein 1 \[*Lrig1*\]; [Figure 2](#fig2){ref-type="fig"}C).

Immunofluorescence analysis of the organoids revealed that the slender CBC cells were absent in the βNF-treated organoids ([Figure 2](#fig2){ref-type="fig"}D). Notably, a more marked reduction of CBCs was observed when *Fzd7* was deleted in organoids compared with deletion in vivo ([Figures 1](#fig1){ref-type="fig"}F and [S2](#app2){ref-type="sec"}F), which indicates that there was no overlapping repopulation event occurring in the organoids. To detect recombination, we performed two PCRs on genomic DNA from organoids 2 days after βNF treatment. First, we observed excision of the mutant *Fzd7* allele (Fzd7 Mut PCR), which was partial as recombination does not occur in Paneth cells ([@bib13; @bib29]; [Figure S2](#app2){ref-type="sec"}B). Second, PCR to detect the intact genomic DNA after gene excision (DP PCR) illustrated efficient recombination in the induced mice ([Figure 2](#fig2){ref-type="fig"}E). Cultured intestinal organoids from *AhCre;Fzd7*^*+/+*^ mice ([Figures 2](#fig2){ref-type="fig"}B and [S3](#app2){ref-type="sec"}E) and *AhCre;Fzd5*^*fl/fl*^ ([Figure S3](#app2){ref-type="sec"}F) continued to grow and regenerate unimpeded following βNF treatment. Organoid death was also observed when *Fzd7* was deleted from organoids using a different Cre enzyme (*VillinCre*^*ERT2*^) that targets the intestinal epithelium ([@bib9]) ([Figures S3](#app2){ref-type="sec"}G--S3I).

Intestinal Epithelium Regeneration Is Impaired in *Fzd7* Knockout Mice {#sec2.4}
----------------------------------------------------------------------

Collectively, these data show conditional deletion of the *Fzd7* gene was deleterious to CBC stem cells in vivo and in vitro. The consequence of this deleterious insult was CBC stem cell loss in vivo and organoid death in vitro. Likewise, the intestinal crypts of conventional *Fzd7* knockout mice (*Fzd7*^*NLS/NLS*^) showed impaired stem cell function. The *Fzd7*^*NLS/NLS*^ are viable and fertile with no overt intestinal phenotype under basal, non-challenge conditions ([@bib33]) ([Figures 3](#fig3){ref-type="fig"}A and [S4](#app2){ref-type="sec"}A). However, careful molecular analysis by immunohistochemistry and qRT-PCR revealed that c-Myc expression was reduced in crypts isolated from *Fzd7*^*NLS/NLS*^ mice when compared with WT mice ([Figures 3](#fig3){ref-type="fig"}C and [S4](#app2){ref-type="sec"}B). This indicates a modest decrease in basal Wnt/β-catenin signaling as c-Myc is the main effector of active Wnt/β-catenin signaling in the crypt ([@bib26]).

This impaired signaling was exacerbated upon injury challenge to the epithelium. In the mouse intestine, tissue injury can be experimentally stimulated by whole-body exposure to ionizing radiation. After a whole-body single 14-Gy dose, the intestinal crypt cells die by apoptosis, and subsequently, the tissue is denuded by 48 hr post-irradiation. This triggers rapid repopulation by stem cells and massive expansion of the crypt compartment ([@bib1]). Consistent with this, we observed ablation of the crypts at 48h and regeneration at 70 hr in WT mice. However, regeneration was dramatically impaired in the *Fzd7*^*NLS/NLS*^ mice with significantly fewer regenerating crypts scored per intestinal cross-section at 70h when compared with WT ([Figure 3](#fig3){ref-type="fig"}A). *c-Myc* and several other TCF/β-catenin transcriptional target genes known to be upregulated during regeneration ([@bib1]) were decreased in *Fzd7*^*NLS/NLS*^ crypts compared with WT mice at this time point ([Figure 3](#fig3){ref-type="fig"}B). This failure of *Fzd7*^*NLS/NLS*^ mice to upregulate c-Myc after irradiation was confirmed by immunohistochemistry ([Figure 3](#fig3){ref-type="fig"}C). Regeneration was observed in the *Fzd7*^*NLS/NLS*^ mice at 120 hr post-irradiation, suggesting that loss of Fzd7 delays, rather than prevents, intestinal regeneration ([Figure 3](#fig3){ref-type="fig"}A). Thus, Fzd7 is required for efficient, robust regeneration of the intestinal epithelium, a process that requires high levels of Wnt/β-catenin signaling ([@bib1]) and is documented to be absolutely dependent on Lgr5^+^ stem cells ([@bib19]).

Closely Related *Fzd* Genes Cannot Compensate for *Fzd7* Loss {#sec2.5}
-------------------------------------------------------------

*Fzd1*, *Fzd2*, and *Fzd7* form a subclass of *Fzd* genes that share strong sequence identity in the intracellular C-terminal domain and can potentially play redundant roles ([@bib24; @bib33]). qRT-PCR was performed on cDNA derived from crypts isolated from irradiated WT mice, demonstrating that *Fzd7*, but not *Fzd1* or *Fzd2*, was upregulated during regeneration ([Figure 4](#fig4){ref-type="fig"}A). However, *Fzd1* and *Fzd2* were upregulated in the regenerating epithelium of *Fzd7*^*NLS/NLS*^ mice ([Figure 4](#fig4){ref-type="fig"}B), but presumably, this upregulation was insufficient to promote intestinal regeneration as regeneration was impaired in these mice ([Figure 3](#fig3){ref-type="fig"}) despite a 2-fold increase in *Lgr5* expression ([Figure 4](#fig4){ref-type="fig"}C). Consistent with the observed delayed regeneration and absence of cycling (PCNA^+^) cells in the *Fzd7*^*NLS/NLS*^ mice at 70 hr post-irradiation, expression of P21, the potent cyclin-kinase-dependent inhibitor, was elevated when compared with WT mice ([Figures 4](#fig4){ref-type="fig"}C and 4D).

Collectively, these data demonstrate that Fzd7-mediated Wnt/β-catenin signaling is necessary for optimal regeneration of the intestinal epithelium. Wnt3 ([@bib28]) or Wnt2b ([@bib10]) are required for intestinal stem cell function. FZD7 has been reported as a receptor for WNT3 ([@bib15]). Here we confirmed interaction between FZD7 and WNT3 by co-immunoprecipitation of epitope tagged FZD7 and WNT3 proteins in HEK293T cells and extended this to show FZD7 also binds WNT2b ([Figures 4](#fig4){ref-type="fig"}E and [S4](#app2){ref-type="sec"}C).

Discussion {#sec3}
==========

Taken together, our data show that Fzd7, at least in part, transmits the critical Wnt signal in intestinal CBC stem cells. Expression of *Fzd7* was enriched in Lgr5^+^ stem cells, and Fzd7 signaling was necessary for competent Lgr5^+^ stem cell function, as in the absence of Fzd7, crypt homeostasis and epithelium regeneration were compromised. Closely related Fzds could not fully compensate for Fzd7 loss.

We observed a rapid loss of CBC cells 1 day after *Fzd7* deletion in induced *AhCre;Fzd7*^*fl/fl*^ mice. By counting PCNA^+^ cells between the Paneth cells or unstained CBC cells between cryptidin stained Paneth cells, as surrogate markers for CBCs, we avoid the documented pitfalls of stem cell marker specificity ([@bib2; @bib14; @bib19]). Recombination using with *Lgr5Cre*^*ERT2*^ mice confirmed that deletion of *Fzd7* specifically in Lgr5^+^ cells was deleterious to these intestinal stem cells. Similar rapid loss of stem cells following deleterious gene deletions was observed previously with c-Myc ([@bib20]) and Ascl2 ([@bib29]), for example. The epithelium recovers rapidly from these deleterious insults in vivo. Two mechanisms have been described recently to account for the rapid repopulation with stem cells: dedifferentiation of partially committed progenitors of the secretory cell lineages ([@bib4; @bib6; @bib31]) or triggering mature quiescent Paneth cells to reacquire stem cell properties in situations of damage and repair ([@bib23]). Either mechanism could account for repopulation in our experiments.

Notably, FZD7 plays a non-redundant role in maintaining pluripotency of human embryonic stem cells ([@bib11]) and might play a similar role in the intestinal stem cells. Our study demonstrates that intestinal stem cells that do not express Fzd7 have an inherent defect in Wnt/β-catenin signaling, which compromises stem cell function under conditions of stress. Fzd7 therefore might provide an avenue to specifically manipulate Wnt-driven processes in intestinal stem cells.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

The *Lgr5*^*EGFP-Ires-CreERT2*^ ([@bib3]), *AhCre* ([@bib13]*)*, *Fzd5*^*fl/fl*^ ([@bib30]) and *Fzd7*^*NLS*^ ([@bib33]) were interbred to generate compound mice with appropriate alleles. All mice were co-housed, and with the exception of *Fzd7*^*NLS*^, all mice were on an inbred C57BL/6 genetic background using appropriate littermates as controls. The *Fzd7*^*NLS*^ were on a mixed C57BL/6 × Sv129 background. For regeneration studies, adult mice were irradiated as described previously ([@bib22]). Briefly, mice were exposed to a single 14-Gy dose of whole-body γ irradiation and harvested at the time points indicated. All animal experiments were approved by the Animal Ethics Committee, Office for Research Ethics and Integrity, University of Melbourne.

Cre Induction and Analyses of Mouse Tissues {#sec4.2}
-------------------------------------------

Mice aged 6--12 weeks were given on the same day two 200-μl intraperitoneal injections of tamoxifen in sunflower oil at 10 mg/ml or three 200-μl intraperitoneal injections of βNF in corn oil at 10 mg/ml. Tissues were harvested at the indicated times after the first dose. So that the pattern of Cre-mediated recombination at the *ROSA26R LacZ* reporter locus could be determined, intestines were stained for the presence of β-galactosidase (LacZ) activity (see the [Supplemental Experimental Procedures](#app2){ref-type="sec"}). Immunohistochemistry and in situ hybridization was performed on formalin-fixed paraffin-embedded tissue sections. Rabbit primary antibodies used were anti-GFP (Invitrogen, AG455) and anti-PCNA, anti-c-Myc, and anti-P21 (Santa Cruz SC7907, SC764, and SC397, respectively). Detection of antibody binding was with the rabbit Impress kit (Vector, MP7401). Unless otherwise stated, slides were counterstained with hematoxylin. Original magnification of images was ×200 or ×400. FACS sorting and gene expression analyses using Affymetrix and Agilent arrays have been described in detail previously ([@bib21; @bib28]) (also see the [Supplemental Experimental Procedures](#app2){ref-type="sec"}).

Crypt Organoid Culture and Analysis {#sec4.3}
-----------------------------------

Crypt isolation and organoid culture was performed by modified previously described protocols ([@bib27]). Crypt isolation, immunofluorescence staining, 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyl tetrazolium bromide (MTT) cell viability assay, and qRT-PCR are detailed in the [Supplemental Experimental Procedures](#app2){ref-type="sec"}. The primary antibodies were mouse anti-E cadherin (BD Transduction labs, 610181) and rabbit anti-lysozyme (Thermo Scientific, RB372); the secondary antibodies were Alexa anti mouse568 and Alexa anti rabbit 488.

Co-immunopreciptation and Immunoblot Analysis {#sec4.4}
---------------------------------------------

HEK293 cells were co-transfected with FZD7 ectodomain-V5 and FLAG tagged WNT3 or WNT2b. FLAG IP was performed using the Anti-FLAG M2 Affinity Gel kit (Sigma) (also see the [Supplemental Experimental Procedures](#app2){ref-type="sec"}).

Statistical Analysis {#sec4.5}
--------------------

Data are expressed as mean ± SEM, where mean represents number of mice (three or more per genotype) or number of experiments (three or more). Unless stated otherwise, organoids were established from three or more hosts per group. Statistical tests used are Student's t test or Mann-Whitney with Prism5 (GraphPad software) where p values of ≤0.05 were considered significant.
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![Fzd Expression in the Intestinal Epithelium\
(A) Immunohistochemical analysis of EGFP expression in the intestinal epithelium of *Lgr5*^*EGFP-IRES-CreERT2*^ showing highest expression in the CBC (black arrowheads) between the Paneth cells (^∗^) and decreasing gradient to dim daughter cells (yellow arrowheads). Scale bar represents 50 μm.\
(B) Crypt cells isolated from *Lgr5*^*EGFP-IRES-CreERT2*^ mice were arbitrarily sorted into five populations (5+ highest to 1+ lowest EGFP expression). *Fzd* expression (Agilent array) in each sorted population was compared with the 5+ (CBC) fraction.\
(C) Histological analysis of LacZ activity showing recombined (black arrowheads) and non-recombined (red arrowheads) crypt-villi in the intestinal epithelium of *Lgr5Cre;LacZ* and *Lgr5Cre;Fzd7*^*fl/fl*^*;LacZ* mice at 1 month post-induction. The number of crypts with recombined CBC cells was scored and is shown as a percentage of total crypts counted (mean ± SEM, ^∗^p \< 0.05, n = 4 mice). Bracket indicates crypt domain. Scale bar represents 100 μm.\
(D) Representative histological images of LacZ activity showing crypts with recombined (black arrowheads) and non-recombined (red arrowheads) CBC cells in intestinal crypts of *AhCre;Fzd5*^*fl/fl*^*;LacZ* and *AhCre;Fzd7*^*fl/fl*^*;LacZ* mice at 1 day post-induction. The number of crypts with recombined CBC cells was scored and shown as a percentage of total crypts counted (mean ± SEM, ^∗^p \< 0.05, n = 4 mice). Bracket indicates crypt domain. Scale bar represents 100 μm.\
(E) Gene expression (qRT-PCR) analysis on crypts isolated from *AhCre;Fzd7*^*fl/fl*^*;LacZ* or *AhCre;Fzd5*^*fl/fl*^*;LacZ* mice at 1 day post-induction (CreInd) compared with controls (Cre) (mean ± SEM, ^∗^p \< 0.05, n = 3 mice).\
(F) Immunohistochemical analysis of PCNA expression to detect cycling cells (green arrowheads) and enumeration of the number of cycling cells located between Paneth cells in the intestinal crypts of induced *AhCre;Fzd7*^*fl/fl*^*;LacZ* (Cre^+^ βNF) and *Fzd7*^*fl/fl*^*;LacZ* (Cre neg βNF) and non-induced *AhCre;Fzd7*^*fl/fl*^*;LacZ* (Cre^+^ Cont) mice (mean ± SEM, ^∗^p \< 0.05, n = 3 mice). Bracket indicates crypt domain. Scale bar represents 50 μm.\
See also [Figures S1](#app2){ref-type="sec"} and [S2](#app2){ref-type="sec"}.](gr1){#fig1}

![Fzd7 Is Required for Maintenance of Organoids\
(A) Representative differential interference contrast (DIC) images of intestinal organoids from *AhCreFzd7*^*fl/fl*^ mice showing crypt atrophy (arrow) and organoid death (\#) after treatment with βNF; and rescue with LiCl or CHIR99021 added 1 day after βNF; green arrowheads indicate examples of healthy organoids. Scale bar represents 100 μm.\
(B) MTT cell viability assay 3 days after passage of vehicle (DMSO) and induced (βNF-treated) organoids (mean ± SEM,^∗^p \< 0.05, n = 3 mice).\
(C) Gene expression (qRT-PCR) analysis of organoids at 2 days post-induction (βNF) compared with controls (DMSO) (mean ± SEM, ^∗^p \< 0.05, n = 3 mice).\
(D) Immunofluorescence analysis of E-cadherin (green) and Lysozyme (red) expression in induced (βNF) and control (DMSO) organoid crypts of *AhCreFzd7*^*fl/fl*^ mice showing Paneth cell (^∗^) and CBC (arrowheads) positioning (nuclei blue, DAPI). Scale bar represents 50 μm.\
(E) PCRs to detect the *Fzd7* mutant knockin allele (Fzd7 Mut) and recombined product after *Fzd7* gene deletion (DP), *AhCre* transgene (AhCre), and a region of chromosome 1 close to Fzd7 locus (Chr1), in genomic DNA extracted from organoids established from three *AhCreFzd7*^*fl/fl*^ mice (M1, M2, M3) at 2 days post-induction (PI).\
See also [Figure S3](#app2){ref-type="sec"}.](gr2){#fig2}

![Impaired Intestine Epithelium Regeneration in Fzd7 KO Mice\
(A) Immunohistochemical analysis of PCNA expression (cycling cells) in the small intestine epithelium of non-irradiated (not IRR) mice and at indicated times post-irradiation (post-IRR). Brackets indicate crypt domain. Efficiency of regeneration was quantified by counting the number of regenerating crypts per intestine cross-section at 70 hr post-IRR (mean ± SEM, ^∗^p \< 0.05, n ≥ 5 mice). Scale bar represents 50 μm.\
(B) Wnt target gene expression (qRT-PCR) in isolated intestinal crypts 70 hr post-IRR (mean ± SEM, ^∗^p \< 0.05, n = 6 mice).\
(C) Immunohistochemical analysis of c-MYC expression (no hematoxylin counterstain) in the intestinal epithelium at 70 hr post-IRR and the enumeration of nuclear c-MYC^+^ cells per crypt at 70 hr post-IRR (mean ± SEM, ^∗^p \< 0.05, n = 4 mice). Scale bar represents 50 μm.\
See also [Figures S4](#app2){ref-type="sec"}A and S4B.](gr3){#fig3}

![Closely Related Fzds Cannot Compensate for Fzd7 Loss\
(A) *Fzd* expression (qRT-PCR) in basal and regenerating (70 hr post-IRR) intestinal crypts of WT mice (mean ± SEM, ^∗^p \< 0.05, n = 4 mice).\
(B) *Fzd* expression (qRT-PCR) in WT and *Fzd7*^*NLS/NLS*^ (Fzd7KO) regenerating (70 hr post-IRR) intestinal crypts (mean ± SEM, ^∗^p \< 0.05, n = 4 mice).\
(C) *Lgr5* and *p21* expression (qRT-PCR) in basal and regenerating (70 hr post-IRR) intestinal epithelium crypts (mean ± SEM, ^∗^p \< 0.05, n = 4 mice).\
(D) Immunohistochemical analysis of P21 expression in WT and *Fzd7*^*NLS/NLS*^ (Fzd7KO) regenerating (70 hr post-IRR) intestinal crypts. Brackets indicate crypt domain and the enumeration of P21^+^ cells per crypt at 70 hr post-IRR (mean ± SEM, ^∗^p \< 0.05, n = 4 mice). Scale bar represents 50 μm.\
(E) Immunoblot (IB) of FLAG immunoprecipitates (IP) from HEK293T cells transfected with the indicated expression plasmids.\
See also [Figure S4](#app2){ref-type="sec"}C.](gr4){#fig4}
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